Although reciprocal evolutionary responses between interacting species are a driving force behind the diversity of life, pairwise coevolution between plant competitors has received less attention than other species interactions and has been considered relatively less important in explaining ecological patterns. However, the success of species transported across biogeographic boundaries suggests a stronger role for evolutionary relationships in shaping plant interactions. Alliaria petiolata is a Eurasian species that has invaded North American forest understories, where it competes with native understory species in part by producing compounds that directly and indirectly slow the growth of competing species. Here I show that populations of A. petiolata from areas with a greater density of interspecific competitors invest more in a toxic allelochemical under common conditions. Furthermore, populations of a native competitor from areas with highly toxic invaders are more tolerant to competition from the invader, suggesting coevolutionary dynamics between the species. Field reciprocal transplants confirmed that native populations more tolerant to the invader had higher fitness when the invader was common, but these traits came at a cost when the invader was rare. Exotic species are often detrimentally dominant in their new range due to their evolutionary novelty; however, the development of new coevolutionary relationships may act to integrate exotic species into native communities.
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allelopathy | glucosinolates | mycorrhizae | Pilea pumila R eciprocal evolutionary responses between interacting species (i.e., coevolution) are a driving force creating the diversity of life on earth (1) (2) (3) (4) . Coevolution has been primarily studied in specialized interactions, typically between consumers and hosts [e.g., plant-pollinator (5, 6) , plant-herbivore (1, 7), host-parasite (8) (9) (10) ], where the ecological specificity of interactions allows for partners to exert, and respond to, reciprocal selection on each other. However, for many species the most important biotic interactions are generalized, especially for competitive interactions, and thus each species would potentially face selection from multiple directions (11) . Whether, and how, pairwise coevolutionary dynamics can occur in generalized interactions like competition remain open questions (4) .
Coevolution between competitors has often been inferred from patterns of character displacement, in which sympatric populations of competing species have reduced niche overlap compared with allopatric ones (12) . The majority of character displacement studies infer past coevolutionary processes from extant patterns (12) ; only a few studies to date have documented ongoing coevolutionary dynamics among competitors (13) . Competitor coevolution may be vital to both the development and the maintenance of diversity because theory predicts that long-term coexistence requires that species differ in their niche requirements (14) . However, many species appear to coexist despite the lack of obvious niche differences (15) . This is especially true for plants, which compete for a limited set of nonsubstitutable resources. For this reason, coevolution between plant competitors has received less attention than that between animals (16), although evidence suggests that some plant populations evolve in response to direct and indirect interactions with other plant species. For example, Turkington and colleagues demonstrated through a series of studies that sympatric populations of two plant species had reduced competitive effects on each other compared with allopatric populations (17, 18) . The traits underlying these patterns were not clear, but derive in part from indirect interactions mediated by soil microbes (19) . Additionally, several studies of chemically divergent Thymus species have suggested that populations of cooccurring plant species may adapt to the particular Thymus chemotype with which they interact (20) (21) (22) . Again, this adaptation may be partially mediated by soil properties or communities (20, 23) .
Exotic invasions provide an excellent system to study competitor coevolution in action. Exotic invaders can be competitively dominant over native species in their introduced range, leading to ecological and economic costs (24) . This dominance results in part from ecological advantages that arise from their lack of evolutionary history with native species (e.g., release from natural enemies or production of novel weapons) (25, 26) . However, this dominance likely imposes intense selection pressures on native species, potentially resulting in new coevolutionary relationships that may act to integrate the exotic species into its new community (27) . Exotic species can evolve rapidly in their new range (28) , and some native species have evolved adaptations to invaders (29) , including native plants responding to invasive plant competitors (30) (31) (32) (33) . However, no study to date has documented reciprocal coevolution between native and exotic plant species (27) .
Coevolutionary dynamics are rarely uniform across space or time, but instead vary among populations due to differences in the reciprocity of selection (i.e., coevolutionary "hot" and "cold" spots), selection mosaics, and gene flow and neutral evolutionary processes (3, 34) . Therefore, the presence or absence of trait correlations between interacting populations is not sufficient to establish or rule out coevolution (35) . Rather, such claims require evidence that (i) the traits of exotic populations differ in response to interactions with natives; (ii) the traits of native populations differ in response to the traits of the invader; and, most importantly, (iii) these trait distributions are adaptive (i.e., confer higher fitness when the two species interact).
Alliaria petiolata is a biennial forb native to Europe that was introduced to North America over 150 y ago. It has aggressively invaded forest understories in the eastern United States, where it can form dense, nearly monospecific stands (36) . This dominance is partly attributable to the production of novel allelochemicals (37) that can directly and indirectly interfere with competitor growth by reducing the abundance and diversity of arbuscular mycorrhizal fungi (AMF) (38, 39) . These allelochemicals appear to act as "novel weapons" sensu Callaway and Ridenhour (25) , because they are more toxic to AMF strains from North America (introduced range) versus Europe (native range) (38) . A. petiolata, like all members of the Brassicaceae, does not form mycorrhizal connections (40) . Tissue concentrations of sinigrin, one of the major allelochemicals of A. petiolata, have evolved rapidly during this invasion, with higher sinigrin concentrations in populations on the expanding range edge compared with older populations (41) . In a related species, sinigrin was selectively favored when plants faced interspecific competition, but was disfavored when those same genotypes competed with conspecifics (42) . Variation in sinigrin among A. petiolata individuals and populations partially determines the invader's impact on mycorrhizal fungal communities and native plant growth (43, 44) . To test whether A. petiolata has entered into new coevolutionary relationships with native plant competitors, I first investigated the genetic investment to sinigrin production in A. petiolata roots among populations varying in the density of interspecific competitors. Then I tested the competitive ability of populations of a common native competitor (Pilea pumila) originating from areas with high-or low-sinigrin A. petiolata populations against the invader, as well as the native population's interactions with soil biota. Finally, I performed a reciprocal transplant experiment in which P. pumila individuals from these six populations were planted into each of six destination sites in plots with ambient densities of A. petiolata or with the invader removed. If chemical competition is driving coevolutionary dynamics between the invader and its native competitors, one would predict that (i) A. petiolata populations from areas with higher densities of interspecific competitors will invest more in sinigrin, (ii) native populations that co-occur with high-sinigrin A. petiolata populations will be more tolerant to competition from the invader, and (iii) native populations that co-occur with high-sinigrin A. petiolata populations will be more fit when planted into invaded sites. Finally, the Geographic Mosaic Theory of Coevolution predicts that the degree of reciprocal selection will vary across landscapes, resulting in coevolutionary "hot" and "cold" spots (3, 34) . To explore this possibility, I tested whether the direction or magnitude of selection on putative interaction traits in the native species varied across (i) natural gradients in the density of A. petiolata invasions and/or (ii) plots with or without experimental removal of A. petiolata.
Results
Do Traits of the Exotic A. petiolata Differ in Response to Interaction with Natives? I evaluated root sinigrin concentrations for 13 populations of A. petiolata that came from areas differing in the relative abundance of heterospecific plant species. Replicate individuals from each population were grown in a common environment without any competition to isolate genetic differences in investment to sinigrin. Population mean-sinigrin concentration in the common environment was positively correlated to ground cover of heterospecific plants at the source site, consistent with an evolutionary response in A. petiolata to selection imposed by interspecific competition (r = 0.71, P = 0.007, n = 13) (Fig. 1) . The relationship between heterospecific cover and sinigrin concentrations remained significant when controlling for latitude and longitude or soil abiotic conditions (via principal component analysis) using multiple regression.
Do the Traits of Native Populations Differ in Response to the Traits of the Invader? I performed a greenhouse experiment with six populations of a common native understory forb, P. pumila, collected from five sites invaded by A. petiolata and by one uninvaded control. The A. petiolata populations at these sites varied in their sinigrin production and percentage of cover. P. pumila is an annual in the Urticaceae family, one of the most common members of the understory community in mesic deciduous forests, and commonly co-occurs with A. petiolata (R. A. Lankau, personal observation). Each of the six native populations was grown with or without A. petiolata in pots inoculated either with field soil from an uninvaded site containing an intact microbial community or with the same soils after heat sterilization. I then calculated the tolerance to competition, the net response of each population to soil biota, and the ability of each population to maintain AMF colonization in the presence of A. petiolata (see Materials and Methods for calculations).
Native populations that co-occur with high-sinigrin populations of A. petiolata were more tolerant to competition from the invader, as evidenced by a significantly positive correlation between a native population's tolerance to competition from A. petiolata and the sinigrin concentration of the A. petiolata population with which that native population co-occurs in nature (r = 0.815, P = 0.028, n = 6) ( Fig. 2) . Native populations varied in their response to soil communities in the absence of A. petiolata, with some populations benefiting from soil biota and others growing better in sterilized soil. This response was negatively correlated with their tolerance to competition, such that the native populations that preferred live soils were the worst competitors against A. petiolata (r = −0.816, P = 0.048, n = 6) ( Fig.  2 ). Response to soil communities was not significantly correlated with the sinigrin concentration of the source invader population, although the direction was negative (r = −0.598, P = 0.217, n = 6,) (Fig. 2) . Finally, native populations that co-occur with highly toxic A. petiolata were better able to maintain AMF colonization in the presence of the invader (colonization rates were equal or higher in the presence vs. the absence of A. petiolata), whereas those occurring with less toxic A. petiolata or from uninvaded sites lost up to 50% of their AMF colonization (r = 0.866, P = 0.026, n = 6) ( Fig. 2) . This resistance to loss of AMF colonization may explain the greater tolerance of some populations to competition from the invader, as these two measures were positively correlated (r = 0.881, P = 0.021, n = 6) ( Fig. 2) . However, resistance may come at a cost bacause less-resistant populations benefited more from growing in live vs. sterilized soil in the absence of A. petiolata (r = −0.908, P = 0.012, n = 6) ( Fig. 2) . None of the aspects of the P. pumila populations were significantly correlated with seed mass or initial seedling size, suggesting that these results were unlikely to originate from differences in maternal provisioning (SI Text).
Are Trait Distributions Adaptive When Native and Invasive Species
Interact? I performed a reciprocal transplant experiment with the six populations of P. pumila. Individuals from each of the six source populations were planted back into six invaded destination sites (the five invaded source populations as well as an additional invaded destination) in two types of plots: (i) into control plots with the ambient density of A. petiolata and (ii) into plots where all A. petiolata individuals were weeded out.
P. pumila populations that historically co-occurred with highsinigrin A. petiolata tended to have the highest relative fitness in destination sites with a high abundance of the invader. However, this pattern reversed in sites where the invader abundance was low (Fig. 3A) . These patterns were not present in plots where the invader was experimentally removed (Fig. 3B ), resulting in a significant three-way interaction (F 1,128 = 4.78, P = 0.031) (Table S1 ). In addition, the three traits measured on these native populations in the greenhouse experiment (tolerance to competition from A. petiolata, resistance to loss of AMF colonization in the presence of A. petiolata, and response to soil biota in the absence of A. petiolata) were all significantly correlated with relative fitness in the field. Again, the effect of these traits on fitness depended on the abundance of A. petiolata at a site. Native populations that were highly tolerant of competition from A. petiolata in the greenhouse had the highest fitness in sites where A. petiolata was abundant. However, in the site with the lowest A. petiolata abundance, this pattern reversed, suggesting that competitive ability against the invader may come at some cost (Fig.  3B) . Similarly, the native populations most able to retain AMF colonization in the presence of A. petiolata in the greenhouse experiment had the highest fitness in heavily invaded sites, but again had lower fitness when the invader was less common. Conversely, native populations that benefited the most from living, uninvaded soil communities in the greenhouse had the highest fitness in sites with low A. petiolata abundance, but the lowest fitness in heavily invaded sites (Fig. 3D) . As before, these patterns were not present in plots where A. petiolata was removed, resulting in significant three-way interactions (F 1,128 > 5.72, P < 0.02 for all) (Table S1 ). When A. petiolata was experimentally removed, selection tended to favor native populations that benefited more from live, uninvaded soils (average of all correlations = 0.30 ± 0.24, 95% confidence interval (CI), n = 12) (Fig. 3C ) and were less resistant to losses of AMF (average of correlations = −0.23 ± 0.20, 95% CI, n = 12) (Fig. 3D) . None of these results changed qualitatively when seed mass or initial seedling size was included in the ANCOVA models. Additionally, neither the sinigrin concentration nor the abundance of the A. petiolata populations correlated significantly with latitude, longitude, or any of 10 soil abiotic metrics, suggesting that the pattern of coevolution was not the result of confounding environmental variables (SI Text).
Discussion
A. petiolata is one of the most aggressive invaders of forest understories, and like many exotic invasive species, appears to gain competitive advantages due to its evolutionary novelty in North America (37) . In particular, A. petiolata produces secondary compounds novel to its introduced range that inhibit competitors by interfering with mycorrhizal mutualisms (38) . Here, I found that A. petiolata populations that co-occur with a high density of heterospecific competitors invest more in an allelopathic secondary compound, suggesting that this invader has responded evolutionarily to selection imposed by interspecific competition. Additionally, native P. pumila populations that currently co-occur with A. petiolata populations producing high levels of the allelochemical possess some trait(s) that allow for greater competitive ability against the invader (likely involving interactions with mycorrhizal fungi), suggesting that native traits respond evolutionarily to the traits of the invader. Finally, these traits of native populations translated into higher fitness in heavily invaded sites in the field, but were costly in less heavily invaded sites. Together, these results suggest that A. petiolata has entered into a coevolutionary relationship with at least one of its new competitors.
Native populations that co-occur with highly toxic A. petiolata populations and were the most tolerant to competition from the invader had the highest fitness in sites with the most intense invasion. However, these same populations had the lowest fitness when the invader was less common, suggesting a possible cost to these traits. This cost may be related to interactions with soil biota because tolerance to competition from A. petiolata was negatively correlated to a native population's dependence on soil biota in the absence of the invader. Tolerant native populations tended to have net neutral or negative interactions with an uninvaded soil community, whereas native populations sensitive to competition from the invader responded positively to this same soil community. Populations with neutral or negative responses to native soil biota tended to have the highest fitness in sites with the densest A. petiolata invasion; however, in sites with light invasions, native populations that benefited from soil biota were the most successful. Because A. petiolata is known to have particularly strong impacts on mycorrhizal fungal communities (38, 39, 45) , one possible explanation for these patterns is that native populations adapt to the presence of high-sinigrin A. petiolata in part by altering their interactions with mycorrhizal fungi. Native populations with a history of interaction with highsinigrin A. petiolata, and that were more tolerant to competition from the invader, were better able to maintain AMF colonization in their roots when competing with A. petiolata. In this greenhouse experiment, all plants were grown with the same soil inoculation; therefore, differences in AMF colonization reflect genetic differences among plant populations, rather than differences in the pool of available AMF taxa. The resistance to AMF loss could partially explain the greater competitive tolerance and higher fitness in heavily invaded sites of these populations. However, this trait was also costly: in the absence of A. petiolata, the "resistant" populations gained less benefit from the presence of an intact, uninvaded soil community and had lower relative fitness in the field when A. petiolata was experimentally removed or naturally at low abundance. One potential explanation for the patterns could be that native populations differ in their "choosiness" for AMF partners. AMF species can vary widely in their fitness impact on their plant host (46), and plants may be able to preferentially reward the most beneficial partners (47, 48) . When growing with a diverse AMF community in uninvaded soils, native plants may be selected to interact only with the AMF species that optimize their fitness. However, when AMF communities are degraded by A. petiolata, the natives may be selected to make use of whatever AMF strains are available. Some evidence suggests that the AMF taxa most resistant to A. petiolata's allelochemicals tend to be less beneficial to native plant growth (49) . Thus, reduced selectivity could benefit native plants when A. petiolata density is high (and thus AMF abundance/diversity is low), but be detrimental when A. petiolata density is low and AMF abundance/diversity is high.
The covariation between sinigrin concentration among A. petiolata populations and competitive ability among P. pumila populations suggests a pattern of phenotype matching, which is often taken as evidence for ongoing coevolution (3, 50), but must be interpreted with caution (34, 35) . This interpretation is strengthened in this study by experimental reciprocal transplants of one of the interacting species, which confirmed that the P. pumila traits that covary with A. petiolata's sinigrin production were adaptive in heavily invaded sites. Phenotype matching has previously been shown in very specialized systems involving consumer-resource interactions (4). Competitive interactions are rarely so tightly linked, especially in plants, and thus interactions between any two species have been considered too inconsistent to lead to specific evolutionary responses (16) . Instead, plants are expected to respond to the average community, rather than to particular species. In this case, it is not clear if A. petiolata is evolving in response to particular competitor species or to the net selection imposed by interspecific competition. However, at least one common native species appears to be evolving specifically in response to A. petiolata. Exotic plant invaders are often extremely abundant and so may be especially likely to create the kind of consistency in selection pressures that can lead to specific evolutionary responses in natives. On the other hand, the exotic species themselves are likely to respond to selection from the most common native species, or to the net effect of the native community, depending on the specificity of competitive interactions.
Because this study (like most studies of adaptation and coevolution) is primarily correlative, it is possible that these patterns arose due to confounding factors rather than direct interactions between these species. Including data on geographic location and soil abiotic conditions did not change any results. Spatial gradients in other biotic interactions, such as herbivory, were not recorded and may play a role if they are (i) positively correlated with the gradients of interest (heterospecific cover and A. petiolata sinigrin concentration) and (ii) tend to select for similar traits (root sinigrin concentration in A. petiolata and tolerance to competition and response to soil biota in P. pumila).
Coevolution likely does not proceed in lockstep across all of the populations of a species, due to differences among populations in the degree of reciprocal selection, the strength and shape of selection, and gene flow among populations (3, 34) . Such processes are likely at work in this system as well. For example, because A. petiolata is still increasing its range in North America, there remain populations of P. pumila where A. petiolata has yet to invade, which will be coevolutionary "cold spots" by definition. Additionally, the results of this study suggest that selection on P. pumila by A. petiolata varies with the local density of the invader, likely leading to variation in reciprocal selection. Finally, although the spatial scale from which the six populations studied Fig. 3 . Visual representation of the significant three-way interactions in Table 1 between (i) the A. petiolata removal treatment, (ii) the percentage of cover of A. petiolata at destination sites, and (iii) one of four aspects of the P. pumila population. Each point in the graph represents a correlation coefficient, measuring the correlation between the relative fitness of the P. pumila populations and a particular trait or aspect of those populations (analagous to a selection differential). A separate correlation coefficient was calculated for each site, year, and treatment combination: each correlation coefficient was estimated from six underlying data points. For example, in B, each point represents the correlation between the relative fitness of the six native populations in a given site and the tolerance to competition from A. petiolata of each native population as measured in the greenhouse experiment. A positive value implies that populations that were highly tolerant to competition with A. petiolata had the highest relative fitness at that particular site, year, and treatment combination (i.e., would be favored by natural selection). These correlation coefficients were then regressed against the percentage of cover of A. petiolata at a destination site. A shift from negative to positive values across the gradient in percentage of cover of A. petiolata suggests that the selection pressures switch from favoring native populations with low competitive tolerance to those with high tolerance as the intensity of A. petiolata invasion increases. Each panel shows the regression of the correlations between P. pumila relative fitness and a different trait or aspect of those populations against A. petiolata percentage of cover at the destination site. The P. pumila population traits/ aspects were the following: (A) the sinigrin concentration of its naturally co-occurring A. petiolata population, (B) the tolerance to competition from A. petiolata, (C) the response to soil biota in the absence of A. petiolata, and (D) the ability of a native population to retain AMF colonization in the presence of A. petiolata. Solid symbols (and solid lines) represent correlation coefficients regressed against A. petiolata cover in the presence of ambient A. petiolata densities, and open symbols (and dotted lines) represent correlation coefficients regressed against (initial) A. petiolata cover in the A. petiolata removal plots. R 2 values refer to the variance among correlation coefficients explained by initial A. petiolata cover.
likely precluded much direct gene flow between them, variation in the presence/absence or density of both of these species can vary across small spatial scales, raising the possibility that gene flow from coevolutionary "cold spots" could interfere with the response to reciprocal selection in "hot spots." Many theories of invasive success posit that exotic species gain ecological advantages due to their lack of coevolutionary history with the native community, for example, benefiting from enemy release because native consumers lack the necessary traits to efficiently use the new species (26) . This idea has been considered especially important for invasive plants that produce secondary compounds that are novel to native plant, insect, and microbial communities (25) . However, novelty cannot last forever, and the high invader abundance created by these evolutionary mismatches may in turn lead to the development of new coevolutionary relationships that, over time, act to integrate exotic species into native communities.
Materials and Methods
A. petiolata Sinigrin Concentration. Seeds from 13 populations of A. petiolata were collected from 2007 to 2009 (see SI Text for locations). Six of these sites were used for the reciprocal transplant experiment with P. pumila; the other seven were used for a previous field experiment (44) . One individual plant from 5 (7 previously studied populations) or 10 (6 current populations) maternal families was grown without competition in a common greenhouse environment for 3 mo, at which point ∼10-20 mg of fine-root material was collected. Glucosinolates were extracted and quantified with HPLC according to established methods (51) 
Experimental Tests of Tolerance to Competition and Response to Soil
Communities. P. pumila seeds were collected from six sites in 2009, five sites where A. petiolata seeds were also collected, and one site where A. petiolata has never occurred due to vigilant management (S. Buck, personal communication). Individuals from six of the P. pumila populations were used in a greenhouse competition experiment. Each native plant was grown with an A. petiolata individual or alone in live or sterilized soil. The A. petiolata plants came from two populations, with the representation of each population balanced with respect to P. pumila populations and soil treatments. Each competitive treatment (A. petiolata from population 1, A. petiolata from population 2, or no competitor) by soil (live vs. sterilized) treatment was replicated six times per native population for a total of 216 pots. Plants were grown in 0.5-L pots inoculated with 20 mL of live soil collected from the uninvaded site or an autoclaved sample of that same soil. Soil was autoclaved twice for 2 h each round, with a 24-h cooling period between rounds. Greenhouse temperatures averaged ∼29°C during the experiment. Day length was unmanipulated (∼16 h/day), but shade cloths were used to reduce light by 60% to better approximate forest understory conditions. After 4 mo of growth, the above-and below-ground biomass was collected, dried, and weighed. A subsample of roots was taken from each plant in the live soil treatment for mycorrhizal colonization. Roots were cleared with hot 10% (wt/vol) KOH for 7 min, bleached with 3% (vol/vol) H 2 O 2 for 30 min, acidified with 1% (vol/vol) HCL for 60 min, and then stained with Direct Blue (Acros Organics). Stained roots were mounted on slides and fungal colonization was scored using the grid-line intersect method (52) . At least 50 root intersections were scored per plant, and the presence of arbuscules, vesicles, and hyphae was recorded at each intersection. I calculated tolerance to competition for each native population using the relative interaction intensity (RII) (53) . RII is calculated as the difference in the mean biomass between a population grown alone vs. grown with a competitor, divided by the sum of the mean biomass alone and with a competitor. Native plants growing with the two A. petiolata populations were pooled. I also calculated the net response to the soil biota in the absence of A. petiolata as the percentage of decline in biomass in sterilized soil, using the following equation:
Response to Soil Biota = ð1 − population mean biomass in sterilized soil=population mean biomass in live soilÞ * 100:
Only pots without competitors were used to calculate the response to soil biota. I calculated the percentage of AMF colonization as the sum of root intersections containing AMF structures (arbuscules, vesicles, and/or hyphae) divided by the total number of intersections scored. I calculated the ability of a population to resist changes in AMF colonization in the following way:
ðPopulation mean colonization in the presence of A: petiolata =Population mean colonization in the absence of A: petiolataÞ * 100:
All populations grew with the same uninvaded soil inoculation. Thus, differences among populations in their ability to retain AMF colonization in the face of A. petiolata reflect genetic differences in the plants, rather than differences in the AMF species/strains present in the soil.
Native Species Reciprocal Transplant Experiment. Two P. pumila individuals from each of 10 maternal families per population were transplanted as newly germinated seedlings into each of the six invaded sites in May 2010 (SI Text). One individual per family was planted into a 1-m 2 plot in which all naturally occurring A. petiolata plants were weeded out, while the other individual was planted in a control plot with no weeding. Each plot received an individual from each of the six populations, for a total of 10 weeded and 10 unweeded plots per site. Plants were surveyed once at midsummer, and all above-ground biomass was collected in September. A new set of seedlings was planted in 2011. With six sites, this yielded a total of 720 plants in each year. Individuals that did not survive to the first census were removed from the analyses to avoid analyzing mortality due to transplant shock. Individuals surviving at the first census but not to the final collection were considered to have 0 fitness. I calculated relative fitness for each population separately for each weeding treatment in each site in each year by first averaging the biomass of all of the replicates of a given population and then dividing that population mean by the grand mean for all populations in that weeding treatment in that year at that site. Calculating relative fitness allows me to compare differences in the performance of populations across sites and treatments while controlling for overall differences in the quality of sites for P. pumila growth (due to differences in canopy openness, soil fertility, etc.).
Statistical Analysis. Population mean-sinigrin concentration in A. petiolata root tissue was compared with the percentage of cover of heterospecific plants using the Pearson product-moment correlation. Correlations were also calculated between the tolerance to competition, response to soil biota, and resistance of AMF colonization of the P. pumila populations and between these measures and the sinigrin concentration of the A. petiolata population with which the P. pumila population naturally co-occurs. Because these last six correlations are based on only six points (population is the unit of replication), exact permutation tests were used to determine significance. Relative fitness from the field reciprocal transplant experiment was analyzed using ANCOVA, with a model that included year and weeding treatment as fixed categorical factors and the percentage of cover of A. petiolata at the destination site and one of four quantitative aspects of the source population as covariates, with all interactions. Again, source population was the unit of replication; individuals within a population were averaged for each site by treatment by year combination before analysis. I did this, rather than using an individual as the replicate with a random effect of population, so that I could treat population mean trait values as continuous variables. Because fitness was relativized within each site by treatment by year combination, the main effects of these three variables (and their interactions with each other) were constrained to be nonsignificant. However, these variables could show significant interactions with the various aspects of the source populations. The four aspects of the source populations tested were (i) the sinigrin concentration of the A. petiolata population with which the native population originally co-occurred, (ii) the tolerance to competition from A. petiolata measured from the greenhouse experiment, (iii) the net response to soil biota measured from the greenhouse experiment, and (iv) the resistance of AMF colonization to A. petiolata measured from the greenhouse experiment. Including these four aspects of the source populations as covariates tests (i) whether P. pumila populations that co-occur with high sinigrin A. petiolata populations possess traits that lead to high fitness when grown with A. petiolata in the field, (ii) whether P. pumila populations that display high tolerance to A. petiolata in controlled greenhouse conditions have high fitness when grown with A. petiolata in the field, (iii) whether P. pumila populations that have generally positive or negative responses to soil biota in the absence of A. petiolata in the greenhouse experiment had higher or lower fitness when grown with A. petiolata in the field, and (iv) whether P. pumila populations that were best able to maintain AMF colonization in the presence of A. petiolata in the greenhouse experiment had higher or lower fitness when planted with A. petiolata in the field. The interaction of these aspects with the weeding treatment tests whether the fitness consequences of any genetic differences between populations are only evident when the invader is actively present. Finally, the interaction of these aspects with the cover of A. petiolata at the destination sites tests whether the fitness consequences of any genetic differences between populations depend on the intensity of the invasion at a site.
To help visualize the potential higher-order interactions in the ANCOVA models, I also calculated the correlation between P. pumila relative fitness and each of the four population attributes/traits for each site by treatment by year combination. I then plotted those correlations (analogous to selection differentials if you consider the population attributes as traits) against the percentage of cover of A. petiolata at the destination sites separately for the A. petiolata present and removal treatments (percentage of cover of A. petiolata was measured before weeding). The regression line in these plots provides an additional test of whether selection varies significantly with initial A. petiolata percentage of cover. I also calculated the mean and 95% CI for correlations across all sites in the A. petiolata present or removal treatments to test whether selection consistently favors higher (mean > 0) or lower (mean < 0) levels of a trait in the two conditions. ACKNOWLEDGMENTS. I thank Rachel Nodurft, Charlene Chalmers, Dalya Abou-El-Seoud, and Diane Mohr for assistance with field and greenhouse experiments. Emily Lankau and Daniel Keymer provided comments on the manuscript. This work was funded by National Science Foundation Division of Environmental Biology Grant 0918450 to R.A.L.
